In order to expand the optical bandwidth of LiNbO3 (LN) based modulators, the plasma dry-etching technique is applied to fabricate a trench structure on the LN substrate surface, in which the LN is removed to a depth of about 3É m along the optical waveguide.1,2 Such a structure effectively reduces the permittivity of the substrate, broadening the bandwidth while reducing the driving voltage. Dry-etching of the LN is performed fluorocarbons such as CF4 and CHF3 rather than Ar, in order to prevent surface damage by high energy ions.
In order to expand the optical bandwidth of LiNbO3 (LN) based modulators, the plasma dry-etching technique is applied to fabricate a trench structure on the LN substrate surface, in which the LN is removed to a depth of about 3É m along the optical waveguide.1,2 Such a structure effectively reduces the permittivity of the substrate, broadening the bandwidth while reducing the driving voltage. Dry-etching of the LN is performed fluorocarbons such as CF4 and CHF3 rather than Ar, in order to prevent surface damage by high energy ions.
1,2 Jackel et al. reported originally the reactive ion etching of the LN and suggested the possibility of the formation of a thermally stable compound of Li with halogen during the chemical etching process. 3 They recommended mixing Ar into the chemical etching gases to physically remove the Li-halides. However, to our knowledge, there has been no report to show any evidence for the existence of the Li-halide layer due to the dry-etching. Here, we investigated the LN surface etched by an electron cyclotron resonance (ECR) plasma of CHF3 and confirmed the formation of LiF on the surface. The CHF3 was chosen in this experiment because the coexistence of F and H was commonly known to be suitable for the etching of oxide materials. 4 Commercial X-cut (crystallographic a-face) and Z-cut (c-face) LN substrates with an optically fiat surface were treated by an ANELVA L-310R ECR plasma etcher. After the substrate was inserted, the etching chamber was evacuated to about 3Å~10 -5 Pa by a cryopump. Then, CHF3 was introduced into the chamber at a rate of 3 sccm, and the pressure was kept at about 0.01 Pa. Microwave power and high voltages applied to the magnet and bias electrode were chosen to The CHF3 electron cyclotron resonance (ECR) plasma etched LiNbO3 (LN) surface was analyzed chemically and crystallographically to investigate the dry-etch machining process for LN crystal, which was recently needed to obtain broader-band optical modulators. The etched surface was entirely covered with amorphous-like precipitates having Å'70 nm diameter. These precipitates (or a part of them) were thought to be LiF from Auger electron and x-ray photoelectron spectroscopy. The results indicated that the LiF was formed and remained on the etched surface while the Nb was almost completely removed.
generate a stable CHF3 plasma and to obtain a higher etching rate. The substrate holder, made of a sintered SiC, was cooled by water during the etching. The typical etching rate in this experiment was 500 to 600 nm/h for both the X-cut and the Z-cut LN substrates.
The etched LN surface became hazy. Figures 1 (a) and 1( b) show atomic force microscopic (AFM) images of the substrate surfaces before and after the CHF3 ECR plasma etching for 4 h, respectively. The image in Fig. 1(a) was a typical morphology for a mechanochemically polished LN surface. [5] [6] [7] However, due to the CHF3 plasma etching, the surface was covered entirely with Å'70nm diameter precipitates. The peak-to-peak surface roughness in the observed 2É mÅ~2É m area was 2.2nm for Fig. 1(a) before the etching and 43nm for 1(b) after the etching. On the other surface etched for 2 h, similar precipitates were observed, including many smaller particles. On such a surface, x-ray microanalysis was used to detect a small amount of F in addition to Nb and O.
In order to confirm the existence of F on the surface, Auger electron spectroscopy was carried out for the 1-h-CHF3 plasma etched sample accompanied with Ar ion etching. The Ar ion etching rate for this LN sample was calculated to be 8 nm/min from the depth of the Ar ion etched crater measured by a stylus method. To prevent a charge-up of the sample, the acceleration energy, current, and size of the incident electron beam had been set at 3kV, 1Å~10 -8 A, and 10É m, respectively. In the measurement, the windows for the energy detector were fixed at Li KLL, Nb MNN, C KLL, O KLL, and F KLL peaks which were clearly detected from the surface before the Ar ion etching. It was noted that, for the virgin LN surface without CHF3 plasma etching, the F KLL peak was not observed. Figure 2 shows a change of the Auger electron peak intensities measured after Ar ion etching treatments. The horizontal axis of Fig. 2 denotes the cycle number of the Ar ion etching (each 4 s) and the measurement, corresponding to the depth from the surface. The intensity of the F KLL peak decreased rapidly after several Ar ion etching cycles, and then damped gradually within 70-80 etch cycles, which corresponded to about 50 nm depth from the surface. The C KLL peak was confirmed to disappear beyond about 100nm depth, which is not shown in the figure. These data suggested that the LN surface was fluoridated during the CHF3 plasma etching treatments.
Next, to investigate the chemical state of the F, a similar sample was analyzed by an x-ray photoelectron spectrometer (XPS) using a Mg K incident x-ray beam with about a 1mm diameter. The angles between the sample surface and analyzer and between the surface and the source were 45 and 90º, respectively. Ar ion etching was not performed in this measurement to prevent a reduction of the surface due to the interaction with high energy ions in the high vacuum atmosphere. Figure 3 reveals the peak profiles obtained for F 1s, O 1s, C 1s, Nb 3d, and Li 1s photoelectrons. The binding energy in the horizontal axes was calibrated by the C 1s peak for C-C and/or C-H configuration at 284.8 eV. As is seen, the main peak for F 1s appeared near 685 eV with the small shoulder peak at about 688 eV. The binding energy of this main peak corresponded to that for the F bonded with a metal (685-686 eV for LiF), while the shoulder peak was attributed to C-F bonding. 8 The O 1s peaks could be identified as a peak from oxidized metals around 530 eV (e.g., 531 eV for Li2O and 530.3 eV for LiNbO3), C=O bonding at about 532 eV, and C-O-C bonding at about 533 eV. 8 The observed C 1s peaks could be attributed to C-C bonding at 284.8 eV, C-O and/or C*-CF at 285.5-286.5 eV, C=0 and/or -CF at 287-288 eV, and O=C-O at 289 eV. 8 The Nb 3d5/2 peak observed at 207 eV seemed to come from oxidized Nb such as LiNbO3 ( 207.1 eV) and Nb2O5 (206-208 eV). 8 Although the Li 1s peak was very weak, its binding energy, about 56 eV, corresponded evidently to that for LiF at 55.7-56.7 eV rather than for LiNbO3 at about 54.8 eV. 8 The additional peak at 60 eV which appeared near Li 1s was due to Nb 4s for LiNbO3. As a result, the Li on the etched surface was almost completely combined with F, while the Nb existed as LiNbO3 . Further, the C due to the etching gas also remained on the surface, in addition to the carbons combined with oxygen which were the main part of the observed C 1s peak and considered to come from surface contaminants. The atomic percents for F, O, C, Nb, and Li were estimated to be 8, 34, 48, 4, and 6%, respectively. Finally, the structure of the surface precipitates on the CHF3 plasma etched LN of Fig. 1(b) was investigated by a glancing angled x-ray (XRD) and a transmission electron (TEM) diffractometer. In both measurements, no diffraction peak specific to the precipitates was detected. It is important to note, the TEM observation was performed only for the precipitate layers after a conventional ion-thinning of the sample from the backside and a halo pattern without any diffraction spots was obtained, suggesting the precipitates were amorphous-like.
The above-mentioned results suggested the formation of Li fluoride, LiF, during the CHF3 plasma etching of the LiNbO3 surface. It is likely that this LiF is amorphous rather than crystalline. On the other hand, the Nb existed as an oxide, possibly LiNbO3, on the etched surface, indicating the Nb was successfully volatilized by the CHF3 plasma etching. In the dry-etching process for the LiNbO3 using fluorocarbons, the removal of the LiF precipitates is a key issue for getting a high etching rate and a smooth surface without a chemically deteriorated layer.
